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INTRODUCTION
Polyketide synthases (PKSs) produce a variety of natural products in bacteria, fungi and plants (Austin and Noel, 2003; Fischbach and Walsh, 2006; Hertweck, 2009; Keatinge-Clay, 2012) . Similar to fatty acid synthases, PKSs synthesize new molecules by repetitive condensations of simple carboxylic acid building blocks (Fischbach and Walsh, 2006; Hertweck, 2009) . By retention or omission of chemical modifications between the condensation steps, different PKSs generate different polyketide products. The resulting extraordinary structural diversity of polyketides is mirrored in their functional diversity. Many microbial polyketides possess pharmaceutically relevant bioactivities, including antibacterial, antifungal or anticancer activity (Fischbach and Walsh, 2006; Hertweck, 2009) .
Polyketide synthase is grouped into three different types (Hertweck, 2009 ). Type I PKSs, which occur in numerous bacteria and fungi, are large multifunctional proteins comprised of many enzymatic domains. For example, the PKS involved in the biosynthesis of the bacterial antibiotic erythromycin is built from three different subunits, each with a size of more than 300 kDa (McDaniel et al., 1999) . In type II PKSs, individual enzymatic activities are located on small monofunctional proteins that assemble into non-covalent complexes. Type II PKSs are exclusively found in bacteria and typically produce polycyclic aromatic compounds such as the anticancer drug doxorubicin (Hertweck et al., 2007) . Type I and type II PKSs use substrates attached to an acyl carrier protein (ACP), whereas the small type III PKSs generally use acyl-coenzyme A substrates directly (Fischbach and Walsh, 2006) . In land plants, only type III PKSs are known. The prototype enzyme of this class, chalcone synthase, catalyzes the committed step in the biosynthesis of flavonoids, a large class of compounds that includes anthocyanin pigments (Austin and Noel, 2003) .
In photosynthetic eukaryotic microorganisms (microalgae), the best known polyketides are toxins produced by some bloom-forming dinoflagellates. The polyketidic nature of several of these toxins has been demonstrated by studies analyzing the incorporation of isotopically labeled acetate (Van Wagoner et al., 2014) . The Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) has shown that the PKS gene family is highly expanded in dinoflagellates and haptophytes (Kohli et al., 2016) . These groups of microalgae, which include many toxic species, have complex plastids derived from secondary and sometimes tertiary endosymbiosis (Keeling, 2013) . Conversely, the inability to genetically manipulate these algae so far has made it difficult to link a specific PKS gene to a distinct product (e.g. toxin) (Kellmann et al., 2010; Sasso et al., 2012) . Red algae (Rhodophyta) and land plants seem to lack type I PKSs (Shelest et al., 2015) .
Surprisingly, the sequencing of genomes and transcriptomes has shown that non-toxic algae, including many species of green algae (Chlorophyta), contain genes encoding type I PKSs (John et al., 2008; Shelest et al., 2015; Kohli et al., 2016) . In some cases, the predicted PKS proteins have a molecular mass of several megadaltons. For example, the unicellular chlorophyte Chlamydomonas reinhardtii contains a single type I PKS gene, called PKS1, with an astounding size of 83 kb and a coding sequence of 72 kb (identifier Cre10.g449750 in the current version 5.5 of the genome sequence) (Merchant et al., 2007) . The encoded protein contains 23 859 amino acids and has a predicted subunit mass of 2.3 MDa. As type I PKSs generally form homodimers (Keatinge-Clay, 2012; Dutta et al., 2014) , the active type I PKS from C. reinhardtii has an expected molecular mass of 4.7 MDa. To date, the function of PKS1 has remained enigmatic.
To elucidate the function of PKS1, we have harnessed the physiological, biochemical and molecular tools and protocols available for the analyses of C. reinhardtii, which has served as a model photosynthetic eukaryote for many decades (Harris, 2001; Jinkerson and Jonikas, 2015) . We show that PKS1 does not play a role in haploid vegetative cells, but is essential during the sexual cycle for the synthesis of a normal zygote cell wall and the maturation of newly formed zygotes into zygospores, a dormant state of the alga that is resistant to harsh environmental conditions.
RESULTS

The PKS1 gene is induced in maturing zygospores
To help establish the function of the giant PKS from C. reinhardtii, accumulation of PKS1 mRNA was quantified at different developmental stages using reverse transcription-quantitative PCR (RT-qPCR). While the level of the PKS1 transcript was very low or undetectable in vegetative cells and zygotes developing at 0 and 2 h after gamete fusion, it became highly abundant in 36-to 48-h-old zygotes ( Figure 1a ). After an additional 1-2 days, PKS1 mRNA returned to low levels. In the mating experiments performed, mating efficiency was typically~90%. We also quantified the transcript of the previously characterized early zygote gene ZSP2. In agreement with published data (Suzuki et al., 2000) , ZSP2 was upregulated by more than 100-fold within the first 2 h after mixing (+) and (À) gametes (not shown). In C. reinhardtii, sexual reproduction also initiates an emergency program to form a robust zygospore that is able to resist adverse environmental conditions (Goodenough et al., 2007; Lee et al., 2008) . PKS1 expression within the temporal window 36-48 h after gamete fusion suggests a specific function of the type I PKS during maturation of zygotes into resistant zygospores.
Creation of an insertional pks1 mutant
To elucidate the biological function of the PKS1 gene, we focused on isolating a specific pks1 mutant. For this purpose, random insertion of an APHVIII gene cassette conferring paromomycin resistance was used to create a library of~25 000 mutants (see Experimental procedures). PCR with isolated genomic DNA derived from specific pools of mutants was used to screen the mutant population for a disruption in PKS1; additional screens of subdivisions of these pools (Gonzalez-Ballester et al., 2011) enabled the isolation of a specific pks1 mutant strain. The position of the insertion in this mutant, designated pks1-1, was firmly established by sequencing across the left and right junctions using primers that anneal to the insertion cassette and C. reinhardtii genomic DNA. The results showed that at least two fragments of the APHVIII cassette had inserted in opposite orientations into a single site within an exon in the middle of the PKS1 gene (Figures 1b, S1 and S2; see also Figure 5 ).
The pks1-1 mutant (strain CRMS107, generated in a CC-4425 genetic background) was backcrossed three times with standard laboratory strains of opposite mating types (CC-124, mt procedures). Over the course of backcrossing, the number of insertions was determined by Southern blot analysis. While the original mutant, CRMS107, appears to harbor multiple insertions at different genomic loci, the two times backcrossed mutant CRMS107-2c and three times backcrossed mutants CRMS107-3a and CRMS107-3f appeared to harbor a single insertion ( Figure S3 ). Furthermore, the detected bands from digestions of genomic DNA from the backcrossed strains were consistently larger than expected, indicating that multiple copies of the APHVIII cassette have inserted at a single site. This specific insertion represents the pks1-1 mutation, as shown in Figure 1 (b).
The development of pks1 mutant zygospores is impaired
Based on low level expression of PKS1 in vegetative cells (Figure 1a ), a function of the type I PKS during this phase of the life cycle seemed unlikely. Indeed, the growth of vegetative pks1-1 mutant cells of CRMS107-2c and CRMS107-3f was similar to that of the wild-type strains used for backcrossing , indicating that vegetative growth was not affected by disruption of the PKS1 gene ( Figure S4 ). To elucidate a potential function of PKS1 in the sexual cycle of C. reinhardtii, homozygous pks1-1 zygotes were generated by mating the backcrossed CRMS107-2c (mt + ) and CRMS107-3f (mt À ) strains. The backcrossed mutants mated less efficiently than the wildtype strains, but still had an adequate mating efficiency of 74% ( Figure S5 ). Over the course of 7 days following mating, dark-incubated wild-type zygotes degraded their chlorophyll and the cells turned orange due to the presence of carotenoids (Figure 2a ) as previously described for maturing zygospores (Harris, 2001; Lohr, 2009) . In striking contrast, pks1-1 mutant zygotes remained green for more than 3 months (Figure 2a ), indicating that zygospore development is strongly delayed or even arrested.
To investigate whether the developmental phenotype of pks1-1 zygotes depends on specific environmental factors such as light or nitrogen, zygotes were matured under different conditions. In the dark, wild-type zygotes turned orange within 15 days independent of nitrogen availability, Figure 1 . PKS1 transcript levels in C. reinhardtii zygotes and cassette insertion in the pks1-1 mutant. (a) PKS1 transcript levels markedly increase in C. reinhardtii zygotes. Zygotes were generated by crossing wild-type strains CC-124 with CC-125. PKS1 transcript levels were quantified by RT-qPCR and normalized to the transcript levels of the RACK1 gene. PKS1 transcript levels at t = 96 h were set to 1 (the transcript was not detectable at t = 0). For the PKS1 transcript levels in zygotes, four independent experiments, each with one biological replicate, are shown; values indicate the mean AE standard deviation (SD), with an n of 3 (technical replicates). For the PKS1 transcript levels in vegetative cells, mean AE SD of three independent experiments are depicted (SD values are smaller than the marker). The abundance of the RACK1 reference transcript appeared relatively stable in maturing zygotes considering that in most biological replicates, the amplification of the RACK1 cDNA was detected between PCR cycles 20 and 24 (based on the cycle of quantification C q ), with no significant trend over time. Figure S8 ) and in the light (not shown). Throughout Figure 2 , any remaining unmated cells were moved aside before photographs were taken, except for the right halves of the plates after 105 days in Figure 2 (a). Zygotes shown in Figure 2 were generated as follows: CC-124 9 CC-125 (WT), CRMS107-2c 9 CRMS107-3f (pks1-1), or LMJ903-1+ 9 LMJ903-2.58 (pks1-2).
© whereas only a minor color change was observed in the case of pks1-1 zygotes (Figure 2b ). Wild-type zygotes took longer to mature in the light: They turned orange within 22 days and, during this time, pks1-1 zygotes changed from green to yellow (Figure 2b ). Therefore, while pks1-1 zygotes produced a more drastic phenotype in darkness compared with light, their development was delayed under all conditions, showing that they have a general maturation defect independent of light or nitrogen availability (Figure 2b ). To unequivocally confirm the link between the mutation in PKS1 and the phenotypes observed at the macroscopic and microscopic levels, a second pks1 mutant allele was characterized. This became necessary because complementation of the mutant with a wild-type PKS1 gene was not feasible due to the large size of the gene. Thus, an independent mutant was ordered from a library of insertional mutants that was made available recently (Li et al., 2016) . In this mutant, designated pks1-2, an APHVIII cassette is inserted into an exon in the 5 0 -half of the gene, more than 13 kb upstream of the insertion in pks1-1 (Figures S6 and S7). The pks1-2 mutant was backcrossed two times (Table S1 ), which also enabled the generation of homozygous mutant zygospores. As observed for the pks1-1 mutant, the development of pks1-2 zygospores was strongly impaired under all conditions (Figure 2b ), confirming that this phenotype is the direct or indirect consequence of disruption of the PKS1 gene. Despite their developmental defect, mutant zygospores were still able to germinate ( Figure S8 ).
Evidence for a role of the type I PKS in cell wall biosynthesis
To examine the cellular structure of wild-type and pks1-1 mutant zygotes by transmission electron microscopy (TEM), zygotes were fixed 2 days after gamete fusion and stained with osmium tetroxide and lead citrate. The nascent cell walls of pks1-1 zygotes appeared thinner than the walls of wild-type zygotes ( Figure 3a ). Cell wall thickness was further investigated by quantifying the cell wall area in TEM cross-sections; this measurement was used as a proxy for cell wall thickness. Compared with wild-type zygotes, cell wall thickness was significantly reduced in the pks1-1 mutant ( Figure 3b ). Furthermore, electron-dense, knob-like structures associated with a thin electron-dense layer were visible in wild-type zygotes but were absent from the mutant (Figure 3c ). The knob-like structures have a~50 nm diameter and resemble the previously reported knobs that localize to the zygospore wall (Cavalier-Smith, 1976) . Two days later, in 4-day-old zygospores, the thin electron-dense layer turned into a prominent structure that suggests a 'barrier' function, with an extended electronlucent layer that formed underneath ( Figure 3c ); these layers never formed in pks1 mutant cells. Furthermore, by this time, the knob-like structures in wild-type cells disappeared, suggesting that they were involved in the biosynthesis of the electron-dense layer. As in pks1-1 zygotes, the electron-dense knob-like structures and cell wall layer were absent from 2-day-old or 4-day-old pks1-2 zygotes, respectively ( Figure 3d ). Taken together, these data indicate a role for the type I PKS in zygospore wall formation. Their multilayered cell wall renders zygospores resistant to environmental stress such as desiccation (Goodenough et al., 2007) . Based on our evidence for a role of the PKS in cell wall biogenesis, we thus reasoned that pks1 mutant zygotes may be affected in their desiccation tolerance. To test this, 10-day old zygotes were transferred onto glass fiber filters and placed in a desiccator. Even though they were exposed to a relative humidity of virtually 0% for 5 days, wild-type zygotes were able to survive the desiccation and germinate after rehydration ( Figure 4 ). In contrast, no growth was visible in the cultures inoculated with desiccated pks1 zygotes or vegetative cells, indicating that desiccation was lethal to these cells. Therefore, the type I PKS is crucial for desiccation tolerance of C. reinhardtii zygospores.
Predicted functional conservation of PKS1 in the Chlorophyceae and Trebouxiophyceae
Evolutionarily related type I PKSs are found in a number of chlorophytes (Shelest et al., 2015; Kohli et al., 2016) . In two major classes within the Chlorophyta, the Chlorophyceae and Trebouxiophyceae (Leliaert et al., 2012) , potential orthologs of the PKS1 gene from C. reinhardtii have already been identified in the closely related colony-forming Volvox carteri (Chlorophyceae) and in Chlorella variabilis (Trebouxiophyceae) (Blanc et al., 2010; Prochnik et al., 2010) . To assess the general functional significance of the PKS1 gene for green algae, we searched for putative PKS1 orthologs in the publicly available genomes of 10 more Chlorophyceae and eight more Trebouxiophyceae (Table S2 ) and revised the available PKS1 gene models (Data S1 and S2). Complete or nearly complete genes encoding PKSs with a size and modular architecture highly similar to that of PKSs of C. reinhardtii, V. carteri and C. variabilis were detected in seven Chlorophyceae and four Trebouxiophyceae genomes, while partial PKS genes were detected in the remaining three Chlorophyceae and one of the four remaining Trebouxiophyceae ( Figure 5 and Data S1). Analysis of the exon-intron structure of the genes from five Chlorophyceae and two Trebouxiophyceae showed the presence of multiple conserved introns, suggesting that the PKS1 genes in all investigated algae evolved from a common ancestor and are likely to represent orthologs. Only the three species of the genus Coccomyxa lacked a putative ortholog of PKS1. Type I PKS genes are also present in the basal green algae Ostreococcus and Micromonas of the Mamiellophyceae (Derelle et al., 2006; Palenik et al., 2007; Worden et al., 2009 ), but these genes differ structurally from the PKS1 orthologs in Chlorophyceae and Trebouxiophyceae (Shelest et al., 2015) and are mostly devoid of introns. Therefore, there is no evidence for a close functional relationship of these genes to PKS1 from Chlorophyceae and Trebouxiophyceae.
DISCUSSION
Some algae are able to survive adverse conditions by forming dormant spores during their sexual cycle. In a process that takes several days, zygotes of C. reinhardtii develop into dormant zygospores (Harris, 2001; Goodenough et al., 2007) . These zygospores can resist various forms of environmental stress, including freezing and desiccation, and possibly also mechanical abrasion, nutrient starvation, UV irradiation and elevated temperatures (Malmberg and VanWinkle-Swift, 2001; Suzuki and Johnson, 2002; Goodenough et al., 2007) . Dormant zygospores can remain viable in the soil for many years (Harris, 2001) . As environmental conditions improve, the zygote undergoes meiosis to release four vegetative cells, a process called germination.
In contrast with most other algae, sexual reproduction and zygospore formation of C. reinhardtii are amenable to laboratory studies. Nitrogen starvation of haploid vegetative cells can be used to induce gametogenesis (Goodenough et al., 2007) . The mixing of gametes of opposite mating type (mt + and mt À ) results in the formation of diploid zygotes. The zygote stage of C. reinhardtii has been studied at the genetic, cellular and ultrastructural levels in some detail (Figure 6 ). Among other developmental transformations, the zygote forms a thick durable wall that consists of multiple layers (Cavalier-Smith, 1976; Grief et al., (a) Transmission electron micrographs of 2-day-old zygotes. Note the difference in cell wall thickness between the wild-type (WT) and a homozygous pks1-1 mutant.
(b) Statistical evaluation of cell wall thickness in 2-day-old zygotes. As a proxy for cell wall thickness, the cell wall area was quantified in TEM crosssections using program ImageJ. Micrographs were analyzed in a blinded fashion (using coded micrographs). Values indicate mean AE standard deviation (SD) (n WT = 49, n pks1-1 = 38), with the P-value stemming from an unpaired two-tailed t-test.
(c) Close-up of the cell wall of zygotes. Two days following mating, knobs (arrow) are visible in wild-type zygotes, but not in homozygous pks1-1 mutant zygotes. After 4 days, the central lamina (arrow) is completed in the wild-type, whereas this layer is lacking in the mutant.
(d) The lack of the knobs in 2-day-old homozygous pks1-2 zygotes and a central lamina in 4-day-old pks1-2 zygotes independently confirms that PKS1 is involved in zygospore wall formation. Zygotes shown in Figure 3 were generated as follows: CC-124 9 CC-125 (WT), CRMS107-2c 9 CRMS107-3f (pks1-1), or LMJ903 9 LMJ903-1+ (pks1-2). [Colour figure can be viewed at wileyonlinelibrary.com].
© Cavalier-Smith, 1976) . Several molecular factors have been identified with roles in early zygote development, including a pair of homeoprotein transcription factors needed for initiation of the zygote program (Kurvari et al., 1998; Lee et al., 2008) . The first zygote-specific genes are induced within minutes of gamete fusion, and hundreds of additional genes are induced during the following hours ( Figure 6 ; Lopez et al., 2015; Joo et al., 2017) . In contrast with the molecular factors that function early in zygote development, the genes and factors that participate in zygospore maturation are mostly unknown despite their central role in remodeling the zygote into a dormant zygospore that can withstand environmental stress.
PKS1 is the first gene identified that encodes a critical component involved in late zygote development. We show that the type I PKS is required for the biosynthesis of the protective zygospore wall. This enzyme appears to contribute to the formation of the wall's central layer (Figure 3) , termed the 'central lamina' (Cavalier-Smith, 1976) , which is one of approximately six layers that constitute the thick zygospore wall (Cavalier-Smith, 1976; Grief et al., 1987) . Two observations suggest a tight link between PKS1 and the knobs visible in the micrographs: The presence of the knobs in 2-day-old zygospores and their absence from 4-day-old zygospores ( Figure 3 ) is congruent with PKS1 transcript levels (Figure 1a) , and both pks1-1 and pks1-2 mutant zygotes lack the knobs (Figure 3) . While the identity of the knobs is currently unclear, similar electron-dense particles were observed in the cell wall of land plants where these so-called cutinsomes are likely to be polymerization intermediates during the biosynthesis of aliphatic cuticle polymers (Kwiatkowska et al., 2014; Dom ınguez et al., 2015) . Possibly, the knobs visible in the zygospores are similar intermediates of cell wall biosynthesis. Alternatively, the knobs may represent or contain the PKS enzyme with a mass of 4.7 MDa, which would be in rough agreement with the knob size (~50 nm diameter). For comparison, the fungal type I fatty acid synthase has a molecular mass of 2.6 MDa and diameter of~25-30 nm (Jenni et al., 2007) . The possibility that the knobs represent the giant PKS could only be tested once a specific detection method (e.g. immunological) is established. Other PKSs, albeit much smaller, have previously been implicated in the formation of the cell wall of mycobacteria (Portevin et al., 2004) and cyanobacterial heterocysts (Fan et al., 2005) . In Arabidopsis thaliana, small type III PKSs were found to contribute to the biosynthesis of sporopollenin, a constituent of the pollen wall (Kim et al., 2010) . In the case of C. reinhardtii, disruption of PKS1 not only impedes cell wall formation (Figure 3 ), but it also interferes with zygospore development and fitness. How a defect in cell wall formation leads to an impairment of zygospore development and impedes chlorophyll degradation (Figure 2a) is not clear.
Based on the number of modules of the C. reinhardtii PKS (Figure 5 ), its polyketide product is expected to have a length of approximately 24 carbon atoms, depending on the identity of the biosynthetic starter and extender units used. We hypothesize that the central lamina of the zygospore wall is made from polyketide building blocks that are covalently crosslinked into a durable meshwork. While the exact chemical structure of the polyketide needs to be established, one conceivable mechanism would involve the oxidative crosslinking of a (poly-)hydroxylated or epoxy fatty acid. Consistent with such a scenario, there is evidence for the presence of hydroxylated C 22 , C 24 and C 26 fatty acids, probably linked by ether and ester bonds, in the zygospore walls of Chlamydomonas monoica (Blokker et al., 1999) . While the PKS1-dependent meshwork appears to be essential for desiccation tolerance (Figure 4 ), both wild-type and pks1 zygotes were resistant to chloroform vapor ( Figure S8 ), suggesting that a different layer of the cell wall not affected by PKS1 function, for example, mediates chloroform resistance. A resistant cell wall layer consisting of ether-linked long-chain fatty acids is reminiscent of cutan, the non-hydrolyzable component of the cuticle in land plants (Pollard et al., 2008) . We have so far not succeeded to chemically identify the polyketide synthesized by the giant PKS, which may be the consequence of technical issues; immediate incorporation of the polyketide into the nascent cell wall layer of the zygospore would result in a very low concentration of the free building block, making identification difficult.
While some chlorophytes such as Bathycoccus prasinos (Mamiellophyceae) or Klebsormidium flaccidum (Streptophyta) seem to lack type I PKS genes Hori et al., 2014) , the presence of these genes in many other chlorophytes (Shelest et al., 2015; Kohli et al., 2016) hints at the existence of a sexual phase or a resistant spore in some of these species. In contrast with C. reinhardtii, the sexual cycle and its regulation are not well understood in most microalgae. Orthologous PKS genes were detected in close relatives of C. reinhardtii including the colonyforming V. carteri and Gonium pectorale as well as the halotolerant Dunaliella salina (Figure 5 ), which correlates with the ability of these species to form zygospores protected by a thick cell wall (Stein, 1958; Kirk, 2001; Oren, 2005) . In C. variabilis and other trebouxiophyte algae that also contain an orthologous PKS gene ( Figure 5 and Data S1), diploid zygotes have never been reported, but the presence of meiosis-specific genes strongly suggest the existence of a sexual cycle (Blanc et al., 2010; Fu c ıkov a et al., 2015) . The Mamiellophyceae, a basal group of green algae that is distantly related to C. reinhardtii, contains ubiquitous oceanic species that appear to lack cell walls (Worden et al., 2009) . In accord with other indications for sexual reproduction in these algae (Worden et al., 2009; Grimsley et al., 2010) 
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XM_011403588.1 (revised) (Roth et al., 2017) , Auxenochlorella protothecoides (also called Chlorella protothecoides) (Gao et al., 2014) and C. variabilis (Blanc et al., 2010) . The extended synteny and conserved introns shared between all depicted algae suggest that these PKS genes are orthologs that share the same function. Note that the PKS from D. salina is most likely assembled from two distinct polypeptide chains, encoded by the two scaffolds of the current genome assembly. The domains group into an initiation module (Init) followed by up to 11 extension modules (M1-M11) and a terminating thioesterase domain (Term). For Chlorophyceae, numbers of conserved introns per domain depicted in red indicate their presence in all analyzed PKS genes except that from C. zofingiensis; for Chlorophyceae/Trebouxiophyceae, numbers in red indicate introns conserved in at least one PKS gene from each algal class. Designations given below the protein models refer to gene model identifiers and scaffold numbers (see Table S2 for further details), and the red triangles represent insertion sites in the C. reinhardtii mutants described in this work. Domains and linker regions (gray) not drawn to scale. An extended version of this figure is provided as Data S1. Domain abbreviations: S, ketosynthase; A, acyl carrier protein; R, ketoreductase; D, dehydratase; E, enoylreductase; L, AMP-dependent synthetase/ ligase; T, thioesterase. Botryococcus (all Chlorophyta) or Nannochloropsis (Heterokontophyta), resistant cell walls are found in vegetative cells (Derenne et al., 1992; Bar et al., 1995; Scholz et al., 2014) .
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Several chlorophyte species were found to survive in desiccated soil for at least 35 years (Trainor and Gladych, 1995) , and our results support a model in which PKSformed cell wall layers critically contribute to this desiccation tolerance. Furthermore, as part of the fossil record, non-hydrolyzable, aliphatic algal cell wall polymers called algaenans have survived in sediments for millions of years (de Leeuw et al., 2006; Kodner et al., 2009) . TEM analyses often reveal electron-dense layers in algaenans (Allard and Templier, 2000) . PKS enzymes may participate in the formation of some of these durable cell wall components in both vegetative cells and zygospores, depending on the algal species. This work paves the way to study resistant algal biopolymers and expands our understanding of PKS function in algal growth and development.
EXPERIMENTAL PROCEDURES Strains, cultivation conditions and mating
Vegetative cells were grown in 100 ml conical flasks in 50 ml Trisacetate-phosphate (TAP) medium (Harris, 2009) at 20°C under continuous white light (50 lmol photons m À2 sec À1 ) and stirring (200 rpm), or on TAP plates with 2% agar. To assess the growth of vegetative cells, initial cell densities of 2 9 10 4 cells ml À1 were used. To determine cell density, the cells were mixed with 6 mM potassium iodide and 2 mM I 2 , and then counted (four technical replicates) under the microscope using an improved Neubauer chamber (product no. T729.1, Carl Roth). Table S1 provides an overview of C. reinhardtii strains used in this work.
Gametogenesis, mating, zygote germination, and tetrad separation were performed according to established procedures (Jiang and Stern, 2009) , with the following details and modifications: After 3-4 days on N10 plates, the cells were transferred into water and stirred (200 rpm) for 3 h under white light (170 lmol photons m À2 sec
À1
) at 20°C. Gametes of opposite mating types were combined and incubated for another 2.5 h at 80 lmol photons m À2 sec
. Aliquots of zygote suspension were applied to TAP plates containing 3% Difco agar (product no. 214530, BD Biosciences). The plates were incubated under very low light (~1 lmol photons m À2 sec
) for 18 h, and then wrapped in aluminium foil and incubated at 20°C for various amounts of time (maturation in darkness). Prior to tetrad separation, zygotes were transferred to plates containing fresh solid TAP medium, remaining vegetative cells were killed with chloroform vapor, and the plates incubated for 17-18 h under 10 lmol photons m À2 sec À1 at 20°C.
Mating efficiency was determined as described (Hoffman and Goodenough, 1980) . (+) and (À) gametes were combined to give a total cell density of 2 9 10 7 cells ml
, and cells were fixed with 0.39% (v/v) glutaraldehyde after 1 h. Biflagellated and quadriflagellated cells were counted under a Zeiss Axiovert 135 inverted microscope using phase contrast (Ph 2) with 400-fold magnification. Mating efficiencies were calculated using the formula from Hoffman and Goodenough. Figure 6 . Role of PKS1 in the life cycle of C. reinhardtii. Sexual reproduction can be induced by nitrogen starvation, which results in the formation of gametes from haploid vegetative cells (Goodenough et al., 2007) . Gametes of opposite mating type (mt + and mt À ) adhere to each other and fuse to form diploid zygotes. In zygotes, the regress of the flagella, the fusion of the two nuclei and the fusion of the two chloroplasts occur within the first 6 h after gamete fusion (Cavalier-Smith, 1970; Harris, 2009 ). ZSP1 and ZSP2, which encode glycoproteins that are part of the zygote wall, are induced within minutes of gamete fusion (Woessner and Goodenough, 1989; Suzuki et al., 2000) , while other early zygote genes encode proteins involved in uniparental inheritance (Armbrust et al., 1993; Uchida et al., 1993) . Over the subsequent days, the chloroplast and other subcellular compartments of the zygospore dedifferentiate, chlorophyll is degraded, and a multilayered cell wall formed (Cavalier-Smith, 1976 ). The type I PKS, encoded by the late zygote gene PKS1, is required for zygospore maturation and normal formation of the protective cell wall. As environmental conditions improve, the zygospore undergoes meiosis to release four vegetative progeny (germination). Different photoreceptors regulate both gametogenesis and germination (Huang and Beck, 2003; Zou et al., 2017) .
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Identification of insertional mutant pks1-1
Approximately 25 000 insertional mutants were generated using an APHVIII gene cassette, and the mutants were screened by PCR using cassette-and gene-specific primers, essentially as described previously (Pootakham et al., 2010; Gonzalez-Ballester et al., 2011) . Mutant pks1-1 (strain CRMS107) was identified with the primers 119-CrPKS1-R (located in PKS1) and RB2 (located in the APHVIII cassette) ( Figure S2 ). After single-colony purification, the regions covering both the upstream border (150-CrPKS1-F/158-APHVIII-R) and the downstream border (RB2/119-CrPKS1-R) of the insertion were amplified and sequenced. All primer sequences are listed in Table S3 .
Backcrossing and genotyping of meiotic progeny by PCR
Strain CRMS107 (pks1-1), identified in the mutant screen, was backcrossed with CC-124 (first round), CC-125 (second round), and CC-124 (third round). During each round, we identified a progeny that carried the pks1-1 mutant allele, but possessed the opposite mating type compared with its parent based on PCR (see below). After each round of backcrossing, progeny with the mutant pks1-1 allele were identified by PCRs that spanned both the upstream border (primers 150-CrPKS1-F and 158-APHVIII-R; Table S3 ) and the downstream border (primers RB2 and 119-CrPKS1-R) of the insertion. For preparation of PCR template, a small amount of cells was resuspended in 100 ll of 10 mM Na 2 -EDTA, pH 8.0, and the suspension was vortexed, heated for 15 min at 99°C, and centrifuged for 2 min at 16 000 g. 1 ll of supernatant was used as the PCR template in a reaction mixture containing 0.1 ll of DreamTaq DNA polymerase (product no. EP0702, Thermo Fisher Scientific), 2.5 ll of 109 DreamTaq buffer, 4 ll of Q-Solution (from product no. 201203, Qiagen), 1 ll of DMSO, 0.5 ll of dNTPs (10 mM each), 1 ll of forward primer (10 lM), 1 ll of reverse primer (10 lM), and water to 25 ll. This reaction mixture was incubated for 5 min at 95°C, followed by 35 PCR cycles (30 sec at 95°C, 45 sec at 57°C, 2 min at 72°C) and a final extension step (5 min at 72°C).
The mating type of the progeny was determined with PCR primers previously described (Werner and Mergenhagen, 1998) (Table S3 ). The remaining PCR components were the same as above. The reaction mixture was incubated for 2 min at 95°C, followed by 35 PCR cycles (30 sec at 95°C, 30 sec at 52°C, 1 min at 72°C, 1 min at 73°C). All PCR products were analyzed by agarose gel electrophoresis. After backcrossing with CC-124, which carries the agg1 mutant allele, an assay for negative phototaxis at low light intensity (Harris, 2009 ) was used to select progeny with a wild-type AGG1 allele.
Strain LMJ.RY0402.236903 (abbreviated as 'LMJ903' in this work; pks1-2) was obtained from the CLiP library (Li et al., 2016) and backcrossed with CC-125 (first round) and CC-124 (second round). In each round of backcrossing, a suitable progeny was identified by the same strategy as above, using the primer pairs 304-LM903Fwd/oMJ944 and oMJ913/306-LM903Rev2 to monitor the presence of the pks1-2 allele (without testing the identity of the AGG1 allele). PCR was performed as described above, but with 4 ll of 5 M betaine instead of Q-solution and 40 PCR cycles with an annealing temperature of 58°C.
Extraction of genomic DNA from vegetative cells
To isolate genomic DNA for Southern blotting, a procedure was adopted from Schroda et al. (2001) as follows: Vegetative cells were grown in 400 ml TAP medium for 7 days to stationary phase and harvested by centrifugation (4 min, 4000 g, room temperature). The cell pellet was resuspended in 2% cetyltrimethyl ammonium bromide (CTAB), 100 mM Tris-HCl, pH 8.0, 20 mM EDTA, and 1.4 M NaCl and the suspension incubated for 1 h at 65°C. After the addition of 20 ml phenol/chloroform/isoamyl alcohol (25:24:1 volume ratio) saturated with Tris-EDTA buffer (product no. A156.1, Carl Roth), the tube was repeatedly inverted over a period of 1 min, and then centrifuged (15 min, 4600 g, room temperature). The aqueous phase (upper phase) was extracted two more times with one volume of chloroform in the same way. After the addition of 40 ll of ribonuclease A (20 mg ml À1 ) (product no. 7156.1, Carl Roth), the solution was incubated for 25 min at room temperature. After the addition of two volumes of ethanol, the solution was incubated overnight at 4°C, the precipitated DNA pelleted by centrifugation (15 min, 4600 g, 4°C) and then washed once with 12 ml of cold 70% (v/v) ethanol and once with 12 ml of cold 100% ethanol. The DNA was air-dried for 30 min, dissolved in 300 ll of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) at 37°C for 1 h. The quality of the purified DNA (stored at 4°C) was verified by agarose gel electrophoresis, and the concentration determined by measuring absorption at 260 nm using a NanoVue photospectrometer (GE Healthcare).
Southern blot analysis
In total, 20 lg of genomic DNA were digested with 100 units of either MluI (R0198L, New England Biolabs), PstI (ER0611, Thermo Fisher Scientific) or KpnI (ER0521, Thermo Fisher Scientific) in a reaction volume of 450 ll. After incubation at 37°C for 1 h, another 100 units of enzyme were added, and the incubation extended for an additional hour. Digested DNA was precipitated by the addition of 50 ll of 3 M sodium acetate, pH 5.1, and 1 ml of ethanol. After incubation at 4°C overnight, the DNA was collected by centrifugation (5 min, 16 000 g, room temperature), washed once with 1 ml of ethanol, air-dried for 5 min, and dissolved in 20 ll of TE buffer (37°C for 1 h).
The restriction digestion of the DNA was verified by electrophoresing an aliquot of the sample (2.3 lg of DNA) on an analytical agarose gel, whereas the remaining~18 lg of DNA were electrophoretically separated in an 0.8% (w/v) agarose gel in Trisacetic acid-EDTA (TAE) buffer [40 mM Tris, 1 mM EDTA, 0.114% (v/ v) acetic acid, pH 8.3] in the cold (~4°C) without the addition of ethidium bromide. The gel with the resolved DNA fragments was sequentially soaked in 0.25 M hydrochloric acid for 20 min, water for 5 min, twice in 0.5 M sodium hydroxide with 1.5 M NaCl for 15 min each time, twice in 0.5 M Tris-HCl, pH 7.0, 1.5 M NaCl for 15 min each time and then washed with water for 5 min. The DNA was then transferred from the gel onto Amersham Hybond XL membrane (RPN203S, GE Healthcare) by capillary blotting using 109 saline-sodium citrate (SSC) buffer (150 mM sodium citrate, pH 7.0, 1.5 M NaCl). Blotted DNA was immobilized by irradiation with UV light (254 nm) for 3 min. Lanes containing marker proteins were cut off and stained with methylene blue.
To generate a probe, a 360-bp fragment of APHVIII was amplified by PCR as follows: 100 ng of pDI8 (Schulze et al., 2013) was used as the template together with 0.1 ll of DreamTaq DNA polymerase, 2.5 ll of 109 DreamTaq buffer, 1 ll of DMSO, 2.5 ll of 25 mM MgCl 2 , 0.5 ll of dNTPs (10 mM each), 1 ll primer PARAU (10 lM) and 1 ll of primer PARAL (10 lM) (Gonzalez-Ballester et al., 2011) , and water to 25 ll. The reaction mixture was incubated for 5 min at 95°C, followed by 35 PCR cycles (30 sec at 95°C, 30 sec at 60°C, 30 sec at 72°C) and a final extension step (5 min at 72°C). Radioactive labeling was performed with the Random Primers DNA Labeling System (product no. 18187-013, Thermo Fisher Scientific) as follows: 25 ng of purified PCR product in a volume of 5 ll were denatured at 99°C for 5 min. The solution was placed on ice, and the following components were added: 2 ll 0.5 mM dATP, 2 ll 0.5 mM dGTP, 2 ll 0.5 mM dTTP, 15 ll Random Primers Buffer Mixture, 5 ll [a-32 P]-dCTP (10 mCi/ml, product no. SRP-205, Hartmann Analytic), 1 ll Klenow fragment, and water to 50 ll. After incubation at 25°C for 1 h, 5 ll of stop buffer were added. The labeled APHVIII probe was purified with the GeneJet Gel Extraction Kit (product no. K0691; Thermo Fisher Scientific).
The membrane with the bound DNA was incubated with 7 ml of hybridization buffer [250 mM Na 2 HPO 4 , 7% (w/v) sodium dodecyl sulfate (SDS], 2.5 mM Na 2 EDTA) for 1 h at 51.4°C, followed by hybridization with labelled probe in 6 ml of hybridization buffer at 51.4°C overnight (with agitation). The membrane was then washed twice with 15 ml 29 SSC, 0.1% (w/v) SDS for 5 min at room temperature, and then twice with 15 ml 0.59 SSC, 0.1% (w/ v) SDS for 15 min each at 68°C. The membrane was then exposed to a storage phosphor screen for 3 days, and the image acquired using a Storm 820 PhosphorImager (Molecular Dynamics).
Isolation of RNA from zygotes
To quantify PKS1 expression in zygotes of different ages, the zygotes were kept in an aqueous suspension for 0, 2 and 24 h, and on TAP plates for the later time points. To harvest zygotes from agar plates, vegetative cells were pushed aside with a scalpel, and zygotes were scraped off and suspended in water. The cells were pelleted (7 min, 3000 g, room temperature), frozen in liquid nitrogen and stored at À80°C. RNA was extracted with the RNeasy Plant Mini Kit (product no. 74904, Qiagen), with the following modifications from the manufacturer's protocol: Frozen zygotes were resuspended in 400 ll of lysis buffer, which consisted of 79% (v/v) RLT buffer from the RNeasy Plant Mini Kit, 20% (v/v) 10 mM Tris-HCl, pH 8.0, and 1% (v/v) b-mercaptoethanol. The suspension was transferred into a 2-ml tube containing glass beads with a diameter of 0.1 mm, ceramic beads with a diameter of 1.4 mm, and one glass bead with a diameter of 4.0 mm (product no. 91-PCS-SK38, Peqlab). Cells were lysed by five rounds of shaking on a Vortex Genie 2 mixer (Scientific Industries) for 25 sec, with cooling in between (30 sec on ice). This procedure, which relies on glass and ceramic beads of different sizes, is critical for the efficient lysis of zygotes that are several days old. After the addition of a further 200 ll of lysis buffer, the lysate was applied to a QIAshredder column of the RNeasy Plant Mini Kit. From this point on, the protocol exactly followed the manufacturer's instructions. RNA bound to the silica column was additionally treated with RNase-free DNase (product no. 79254, Qiagen) for 30 min, followed by a washing step with buffer RW1, two washing steps with RPE buffer, and elution in 40 ll of water. RNA integrity was verified by agarose gel electrophoresis, and the concentration determined based on absorption at 260 nm using a NanoVue photospectrometer (GE Healthcare). An example of an RNA gel is shown in Figure S9 .
Reverse transcription-quantitative real-time PCR (RT-qPCR) cDNA was prepared from 250 to 400 ng of total RNA in reactions of 20 ll using SuperScript III Reverse Transcriptase Kit (product no. 18080-044, Invitrogen) with 10 lM random nonamer primers. PCR was performed in technical triplicates with primers 264-KSconserved_qPCR-F and 265-KSconserved_qPCR-R for the PKS1 gene. When the RT-qPCR assay was established, the identity of a PCR product generated with these primers was verified by DNA sequencing. The RACK1 gene, previously named CBLP, was used for normalization (primers RACK1_for and RACK1_rev) (Eriksson et al., 2004) , and ZSP2 (Suzuki et al., 2000) was used for comparisons (primers 262-zsp2_qPCR-F and 263-zsp2_qPCR-R). All primer sequences are listed in Table S3 . Each reaction was performed in a total volume of 20 ll and contained 0.4 ll of three-fold diluted cDNA as the template, 10 ll of 29 SYBR Green JumpStart Taq ReadyMix (product no. S5193, Sigma-Aldrich), 0.8 ll of 109 PCR buffer (670 mM Tris-HCl, pH 8.8, 160 mM ammonium sulfate), 1.6 ll of 25 mM MgCl 2 , 1 ll of DMSO, 0.8 ll of forward primer (10 lM), 0.8 ll of reverse primer (10 lM), and water to 20 ll. PCR was performed on a CFX Connect Real-Time PCR instrument (Bio-Rad) as follows: the reaction mixture was incubated for 5 min at 95°C, followed by 40 PCR cycles (30 sec at 95°C, 30 sec at 60°C, 30 sec at 72°C, 5 sec at 82°C, quantification of fluorescence). Relative changes in transcript abundance were calculated with the help of program CFX Manager version 3.0 (Bio-Rad), taking into account amplification efficiencies (Pfaffl, 2001 ) calculated by program LinRegPCR (Ruijter et al., 2009) for each primer pair. Transcript abundance was set to zero if the C q (cycle of quantification) values differed by less than one unit when a PCR reaction was performed with cDNA as the template, or with a control template obtained by omitting the reverse transcriptase during the reverse transcription step.
Phenotypic tests with zygotes
Phenotypic tests with zygotes generally followed the procedure described in the section 'Strains, cultivation conditions and mating', with some modifications. To explore zygote development (Figure 2 ), zygotes were matured on either TAP or N10 plates. To study zygote germination ( Figure S8 ), zygotes were matured on N10 plates and then transferred onto TAP plates to allow for germination. Germination under high light (450 lmol photons m À2 sec À1 ) raised the temperature inside the plates to~35°C, with no major effect on the zygotes' ability to germinate ( Figure S8 ). For desiccation experiments (Figure 4 ), zygotes were matured on N10 plates for 10 days and then transferred to glass fiber filters (47 mm diameter, product no. 1822-047, Whatman). Filters with zygotes were incubated in a desiccator containing silica (product no. P077.1, Carl Roth) for 5 days at 20°C under continuous white light (50 lmol photons m À2 sec
À1
) without application of vacuum. The relative humidity was recorded by a mini data logger MSR145 (PCE Instruments). The filters were then immersed in 50 ml of sterile TAP medium and the cultures incubated at 20°C under continuous white light (50 lmol photons m À2 sec À1 ) without stirring. All plates mentioned in this section contained 3% Difco agar.
Transmission electron microscopy (TEM)
For all TEM experiments, zygotes were matured on TAP plates in darkness as described under 'Strains, cultivation conditions and mating'. Zygotes were fixed with 2.5% (v/v) glutaraldehyde in phosphate buffer (20 mM, pH 7.4) for 2 h at 20°C, washed four times with phosphate buffer, and post-fixed with 1% (w/v) osmium tetroxide in cacodylate buffer (100 mM, pH 7.4) for 2 h. Samples were dehydrated in an ascending ethanol series and stained with 2% (w/v) uranyl acetate in 50% (v/v) ethanol. The samples were embedded in Araldite resin (Plano, Wetzlar, Germany) according to the manufacturer's instruction. Ultrathin sections of 70 nm thickness were cut using an ultra-microtome Ultracut E (Reichert-Jung, Wien, Austria) and mounted on Formvar-carbon coated 100 mesh grids (Quantifoil, Großl€ obichau, Germany). The ultrathin sections were stained with lead citrate for 10 min (Venable and Coggeshall, 1965) and examined using a Zeiss CEM 902 A electron microscope (Carl Zeiss AG, Oberkochen, Germany). Images were acquired using a 1k FastScan charge For quantitative evaluation, micrographs were chosen that display central sections that were roughly perpendicular to the cell membrane. In these sections, the cell wall area was quantified using program ImageJ version 1.48p (http://rsb.info.nih.gov/ij). To compare the values of wild-type and pks1-1 mutant, the unpaired two-tailed t-test was used, and the P-value was calculated with Excel 2010 (Microsoft, Redmond WA, USA). Snedecor's F-test (Ashcroft and Pereira, 2003) was used to show that the variances of the two samples did not differ significantly (homoscedasticity).
Bioinformatic analysis of polyketide synthase genes
For identification of PKS1 orthologs in green algal genomes available in the whole-genome shotgun contigs (wgs) or reference genomic sequences (refseq_genomic) databases of GenBank, the JGI Genome Portal (http://genome.jgi.doe.gov) and Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html), initial BLAST searches (Altschul et al., 1990) were done using tblastn with protein sequences of the initial ligase domain and the terminating thioesterase domain from the PKS1 of V. carteri; this would potentially identify the start and end of putative PKS1 genes. The domain architecture of the encoded proteins was inferred from subsequent BLAST searches using single ketosynthase, dehydratase, enoylreductase, ketoreductase or ACP domains from the PKS1 proteins of C. reinhardtii or V. carteri (see Data S3).
For G. pectorale, D. salina, C. zofingiensis, A. protothecoides and C. vulgaris the databases already contained (partial) mRNA/ protein models with high similarity to the PKS1 from C. reinhardtii that we revised in the cases of A. protothecoides and C. vulgaris (see Data S2). The domain architecture of these protein sequences was analyzed using InterProScan (Jones et al., 2014) (https:// www.ebi.ac.uk/interpro/search/sequence-search). For analysis of conserved intron positions, the available mRNA models were aligned with the corresponding genomic sequences using DIA-LIGN 2.2.1 (Al Ait et al., 2013) (http://dialign.gobics.de), their intron positions manually revised, labeled by 'NNN' triplets, and the translated protein sequences aligned using BioEdit 7.0.9.0 (Hall, 1999) .
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